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Introduction
While there is a fairly widespread view that technological change is an important factor explaining the shift in demand away from unskilled labour, other factors such as increasing trade and outsourcing practices are also seen as contributing to the decline of the relative position of unskilled workers (Aghion, Caroli and Garcia-Peñalosa 1999). Most studies on heterogeneous labour demands are, however, based on static models assuming that heterogeneous labour demands adjust to changes in prices instantaneously.
A novelty of this paper is that we combine the flexible normalised quadratic demand system proposed by Diewert and Wales (1987) with a general dynamic adjustment process of each input factor. In particular, we apply the Generalised Error Correction Model (GECM) proposed by Anderson and Blundell (1982) to the analysis of the demand for heterogeneous labour.
1 To our knowledge, this paper presents the first application of the GECM based on quadratic factor demands. As noted by Anderson and Blundell (1982) , the advantage of the GECM is that it nests a variety of dynamic specifications, such as the partial ECM, the partial adjustment model or the static model with or without a firstorder autoregressive error term. In the long-run the static equilibrium model is assumed to hold, whereas in the short-run, the existence of adjustment costs may lead to a delay in the adjustment of factors to changes in output and prices.
The dynamic specification of the quadratic factor demands allows us to identify all the relevant determinants of factor demand as well as to distinguish between short and long-run impacts.
The aim of the paper is to investigate possible determinants of heterogeneous labour demand: the price sensitivity of labour by different skill classes and the impact of both materials and capital on the different types of labour. Three skill categories are defined on the basis of the highest formal educational qualification received: (i) workers without any formal vocational certificate; (ii) workers with a certificate of the dual vocational training system; and finally, (iii) workers with a university or technical university degree. The inclusion of materials allows us not only to avoid the specification bias, but also to study the substitution pattern between unskilled workers and materials. Materials (as defined by the German Statistical Office) include imports, services and subcontracting which indirectly reflects a sector's potential to delocalise parts of its production. The GECM is estimated for a four-factor demand system using annual industry data on 26 manufacturing industries for the period from 1976 to 1995. The disaggregation of labour in different skill classes has been of major interest in applied labour demand analysis for many countries in recent years.
Bergström and Panas (1992) as well as Betts (1997) use a static translog cost function to estimate substitution between white-collar workers, blue-collar workers and capital. According to their results, capital-skill complementarity cannot be rejected. Heterogeneous labour demand models based on educational qualifications, overviewed by Hamermesh (1993) , prove that the own-wage elasticity in absolute terms decreases with the skill level. More recently, Mellander (1999) disaggregated employment in four educational qualification groups, using Swedish manufacturing data covering 20 industries. He found that the own-wage elasticity decreases with the skill level and that unskilled labour is more substitutable to capital than high-skilled labour. The cross-price elasticity between materials and unskilled labour is found to be zero. Riley and Young (1999) consider five educational qualification groups and found, however, mixed results for the ranking of own-wage elasticities by skills using cross-section time series data for the period from 1975 to 1996.
For Germany several studies employ a system of heterogeneous labour demands. The main difference to our own previous work Koebel 1997, 1999 ) is that we focus on the dynamic structure of the factor demand model.
In particular, the static quadratic factor demand system is reformulated as a general error correction model. As it is well known, estimates based on static factor demands are hampered by serially correlated residuals suggesting that the underlying static models are dynamically misspecified. Fitzenberger (1999) distinguished between three variable labour inputs and two quasi-fixed factors (equipment and structures) and estimated factor share equations as a multivariate partial adjustment model for the period from 1975 to 1990. He found that the demand for unskilled workers is more elastic with respect to wage changes than the demand for workers with a vocational certificate. Fitzenberger also found that unskilled labour is more substitutable to materials than mediumskilled labour. Kugler et al. (1989) retained a multivariate partial adjustment model using German manufacturing data from 1960 to 1986 and distinguishing between two types of capital and two types of labour. Their results suggest that substitutability between equipment and blue-collar workers is greater than between equipment and white-collar workers. 2 
A dynamic model of labour demand
The most commonly used method for estimating multifactor demands is to fit static factor demand equations derived from the microeconomic theory of cost minimization. We assume that this relationship holds in the long-run, and may be described by a normalised quadratic cost function (see Diewert and Wales, 1987 ):
where the subscripts t and n denote time and industry, respectively, and c the total variable costs (total wage bill plus materials expenditure). Given the data available, we define the vector of variable inputs as x nt = (h nt , m nt , s nt , u nt ) 0 and the prices as p nt = (p hnt , p mnt , p snt , p unt ) 0 , where h nt denotes high-skilled labour, s nt denotes medium-skilled labour, u nt low-skilled or unskilled workers and m nt total materials. Other explanatory variables entering the cost function are y nt , the level of production, and k nt , the net capital stock at constant prices and a time trend t denoting the impact of technological change. These variables are regrouped in a vector z nt = (k nt , y nt , t) 0 . The matrices of parameters to be 2 Here we only consider studies estimating a complete system of input equations. In the case of Germany there are a number of studies estimating relative factor demand equations for two types of labour in the single-equation context (see Funke (1995, 1998) as well as Steiner and Mohr (1998) ). 3 Recent applications of the normalised quadratic cost function can be found in Koebel (1998) or Tombazos (1999) .
are of size 4 × 1, 4 × 4, 4 × 3 and 3 × 3, respectively. The term θ 0 n p nt appearing in equation (2.1) is introduced to guarantee that the cost function is linearly homogeneous in prices. The vector θ n , of size of 4 × 1, is chosen to be equal to x n1 /c n1 so that θ 0 n p nt corresponds to a Laspeyres price index for total costs, normalised to '1' in 1991. As underlined by Diewert and Wales (1987) , this arbitrary choice of θ n does not affect the flexibility properties of the cost function. In addition to linear price homogeneity, the price symmetry property is directly imposed on the long-run relationship (2.1). The system of optimal input demands x * is obtained by the application of Shepard's lemma:
Furthermore, for identification purposes, we directly impose the following four additional equality constraints on the matrix A pp : There are several approaches to incorporate dynamics in factor demand models. One approach is based on microeconomic theory, in which dynamics are introduced via time to build or via adjustment costs for some inputs. Dynamic factor demands or first order optimality conditions are then used for parameter determination. This approach requires reliable data on the user costs of capital, which is difficult to obtain for the German post-reunification period. Indeed, there is no information available about the important governmental investment support during that time. 4 To overcome these problems we treat capital as a quasi-fixed factor and use the general dynamic approach suggested by Anderson and Blundell (1982) . In this case, no theoretical model is required to allow shortrun input demands to differ from the optimal ones given in (2.2). The GECM can be written as: is well-known that in models which are linear in parameters, the fixed effects estimator with lagged dependent variables generates biased estimates. As proved by Nickell, the bias increases in the magnitude of the adjustment coefficients and decreases with the time dimension of each cross-section. This criticism also applies to the present nonlinear GECM context where x n,t−1 /y n,t−1 and ε nt may be correlated. For models which are linear in parameters, Kiviet (1995) and Judson and Owen (1999) confirm in Monte Carlo studies that the bias on estimated parameters may be important, even for large T . However, Judson and Owen (1999) also that the bias mainly concerns the coefficients of the lagged endogenous variables. Since this paper focuses on price elasticities mainly depending on α n but not on β, this issue is neglected here. A second problem is the potential non-stationarity of the data. With 20 years for each cross-section, the time series dimension is quite large. We do not apply panel unit root tests for two reasons. First, the time series dimension may still be too small to apply panel unit root tests. Second, given the fact that most of the variables are input-output ratios as well as relative prices, stationarity of the series is a plausible assumption. In this case, the error-correction model can still be used to distinguish between long-run and short-run effects.
Several less general dynamic models are nested within the GECM. When the matrix B 1 is diagonal, the GECM reduces to the partial ECM, and to the simple ECM when both B 1 and B 2 are diagonal. Furthermore, the GECM reduces to the static model with an autoregressive error term when B 1 is the identity matrix I 4 and B 2 = I 4 − R :
For B 2 = B 1 , the partial error-correction model reduces to the partial adjustment model considered by Nadiri and Rosen (1969):
The model written in first differences is obtained when B 1 = I 4 and B 2 = 0:
Finally, the short and the long-run model coincide when B 1 = B 2 = I 4 :
In the empirical part of the paper, own-price and cross-price elasticities are computed. For a given level of the capital stock, the long-run elasticities are conventionally defined on the basis of the optimal input demands x * and therefore only depend on the parameters α n , but not on β. The long-run price elasticities are given by:
The main hypothesis is that own-wage elasticities in absolute terms decrease with
when the cross price elasticity is significantly positive (negative). Another interesting hypothesis is that unskilled workers can be more easily substituted for materials than both medium-skilled and high-skilled workers.
The impact of capital on the variable inputs is given by:
The sign of the partial derivative of the different labour inputs with respect to the net capital stock indicates whether a certain skill class is complementary (² ik > 0)
or substitutable (² ik < 0) to physical capital. Capital-skill complementarity is found if the partial derivative of unskilled labour with respect to capital is higher than it is for both medium-skilled and high-skilled labour (² hk > ² sk > ² uk > 0).
Similarly, short-run elasticities can be computed from the short-run relationship given by equation (2.4).
The data
The econometric analysis is carried out for 26 manufacturing sectors for the pe- The relative decline of the number of unskilled workers in West German manufacturing before the reunification is well documented in the literature (see Fitzenberger 1999, Steiner and Mohr 1998). Few studies, however, cover the period from 1990 onwards, when the situation for unskilled labour became more severe.
During the period from 1976 to 1995, the number of unskilled workers in manufacturing dropped by an average annual rate of 3.3 percent per year, from 3.0 to 1.6 million (see Table 1 and Figure 1 in Appendix A). 7 For the period 1991-1995,
we observe an accelerating deterioration in unskilled employment with a decline of 7 percent per year. In contrast, the number of full-time workers with a university degree jumped by an average annual growth rate of 3.6 percent over the 6 Average gross earnings include all amounts regularly paid to the employee (fixed or freely arranged wages, additional regular and non-regular allowances and bonuses for efficiency, social welfare, etc.). 
Empirical results
We start by estimating the GECM and then test the alternative less dynamic specifications. Table 2 presents the results of the log-likelihood ratio tests. It turns out that less general models such as the simple error correction, the autoregressive and the partial adjustment model are rejected by the data. Since less general dynamic models are unable to provide a reasonable explanation of the data, the interpretation of the results focuses on the price elasticities obtained from the GECM (see Table A4 in Appendix B for the estimated pa- The matrix C and the diagonal matrix D are to be estimated. The residual term ζ nt is assumed to have zero mean and constant variance conditionally on the regressors. Since several terms in the expression ∂f /∂γ 0 are linearly dependant, some parameters of C will not be identified and could be skipped from the regression. Estimated t-values for
are respectively −2.68, 1.60, 0.22 and −1.01. As first order serial correlation cannot be rejected for material inputs, the specification of the dynamic adjustment of (2.4) may still be somewhat restrictive. Any extension in this respect entails a loss of observations, so that (2.4) is the model we rely on. Table 3 and Table 4 present both own-price and cross-price elasticities as well as the corresponding t-statistics. For comparison, we also present price elasticities based on the static factor demand model (see Table A5 in Appendix B).
Elasticities are computed for each industry based on 1995 data. This gives us 16 price elasticities for each of the 26 industries. The range of the industry-specific price elasticities seems to be reasonable, although two outlier (shipbuilding as well as musical instruments) can be detected. 8 To save space, we only report the median of the distribution of price elasticities among industries.
Considering own-price elasticities first, several general comments can be made.
The own-price elasticities are all negative, except in the case of the short-run ownprice elasticities of materials as well as high-skilled labour. One half of the own For medium-skilled labour this means that a five percent decrease in the wage rate of this group decreases the employment of medium skilled workers by only 23, 000 in the long run, given a level of 4.6 million full-time equivalent workers in 1995. The short run wage elasticities range between zero for highskilled labour and −0.09 percent for unskilled labour. This finding suggests that own wage demand elasticities decrease with the skill level; a fact that is also found by most previous studies (see Hamermesh 1993 ). In the long-run, however, we do not find that wage elasticities in absolute terms increase with the skill level. The median of the own-wage elasticity of unskilled labour with a value of −0.21 is no longer significant at the 5 percent level. 10 However, a detailed investigation of all 26 own wage elasticities reveals that there are some industries with significant own wage elasticities of unskilled labour. Thus, we conclude that in the long-run unskilled labour is also more responsive to wage-rate changes than the demand for medium-skilled labour. Using a panel of manufacturing industries over the period from 1975 to 1990, Fitzenberger (1999) also found that the negative effects of wage increases would be sharper for unskilled than for medium-skilled labour. Table 4 presents cross-price elasticities, which also vary little in magnitude 9 The inelastic labour demand in German manufacturing is consistent with Flaig and Steiner (1989) who found an own-wage elasticity for aggregate labour of about −0.13. 10 Note, that the own-price elasticity of unskilled workers based on the static model is clearly higher with a value of −0.38 and significant at the 5 percent level (see Table A5 Hamermesh (1993) . However, the cross-price elasticity between skilled and unskilled labour is not robust with respect to the estimation method employed. Based on the static model, unskilled and medium-skilled labour are small but significant substitutes (see Table A5 in Appendix B). Since relative wages of various types of labour do not vary to a great extent over time, labour-labour substitution effects cannot explain the relative decline of unskilled workers. which states that unskilled workers are more substitutable for capital than skilled labour. The derivative of high-skilled workers with respect to capital is 0.26 compared to zero for both unskilled and medium skilled labour. In the short run we also observe that the effect of capital accumulation on labour demand depends on the skill level. Given the impact of capital on high-skilled labour, one can compute to what extent the demand for high-skilled labour can be explained by capital accumulation. The calculation suggests that over the period from 1976 to 1995, capital accumulation can explain between 6 and 13 percent of the increase in high-skilled labour (0.57 × 0.008 ' 0.0046; 0.26 × 0.008 ' 0.0021 ∆H t /H t = 0.036).
Conclusion
We estimated a multivariate a ECM for heterogeneous labour demands, allowing for a dynamic adjustment process for each variable factor. The econometric study focuses on the determinants of heterogeneous labour demands: own-wage elasticity, substitution possibilities, impact of capital and materials. Based on West German industry data over the period 1976 to 1995, it was found that the GECM performs well on statistical grounds. First, labour demands for different skill classes are inelastic, both in the short and long run. However, the demand for unskilled labour is more price elastic than the demand for both medium-skilled labour, at least in the short run. This explains a part of the demand shifts away from unskilled labour. Second, we find that materials are a substitute for unskilled labour, with a short run and long run cross price elasticity of 0.27 and 0.40, respectively. Despite some temporary falls in the input prices of materials, unskilled labour-material substitutability only explains a small part of the shift in demand away from low-skilled employment. Third, capital accumulation alone can only account for less than 13 percent of the shift in demand towards highskilled labour. Briefly, no impact clearly dominates, it is rather the conjunction of these three impacts that is responsible for the observed fall in the demand for unskilled labour. and eight percent in minerals. We assume that most of these workers did not complete university or vocational college education and add 2/3 of these workers to the unskilled group and 1/3 to the medium-skilled group. 12 The next step is to exclude apprentices from the unskilled group. There are two important issues concerning the labour input. The main reason for not considering more disaggregated types of workers (by gender or experience for instance) is that in some industries the cell size would then become too small.
For example, in shipbuilding, the number of women with a vocational certificate 12 A conversation with the Federal Labour Service supports this conjecture. 13 For apprentices it does not seem reasonable to assume Shephard's lemma to hold.
is less than 10. Another problem of the I A BS is a structural break in the data (see Steiner and Wagner, 1998) . From 1984 onwards, more and more one-time income components (such as bonuses) are added to labour earnings. As noted by Steiner and Wagner (1998) , this results in a considerable increase in the wage data starting from 1984 (see also Fitzenberger, 1999) . To check the reliability of the wage data we also extracted wage data based on the German Wage and Salary Statistics. Here the term "Unskilled labour wages" refers to category III for the blue-collar group and the category V for the white-collar group. Wage data in both categories contain employees without any formal degree. "Mediumskilled labour wages" refers to category I (vocational training and foreman) for the blue-collar group and to categories III and IV for the white-collar group. We experimented with both data sources (I A BS and the wage and salary statistics).
However, comparing wages drawn from the wage and salary statistics with I A BS data, we find little differences between these two data sources. Furthermore, the econometric results are robust with respect to the data sources (see also Falk and Koebel, 1998, for the period from 1978 to 1990). Table A1 gives an overview of the relevant variables used to construct the labour inputs as well as the employment shares. Table A2 gives an overview of the input quantities and Table A3 of the corresponding inputs prices at the sectoral level. 
